I measure the V I color distribution of two samples of radio-selected quasars.
Introduction
Distant populations such as faint eld galaxies and quasars are often viewed through foreground clusters of galaxies, which can distort our view of those populations. Measuring such distortions can be useful for a better understanding of both the background objects and of the mass-content and structure of the clusters.
Clusters can have t w o opposite eects on the density of background objects seen through a cluster. Gravitational lensing by the cluster potential can cause either an enhancement or a decit in the numb e r o f b a c kground objects, depending on the intrinsic number vs. brightness relation of the background population, and the limiting magnitude to which the population is detected (e.g. Rodrigues-Williams & Hogan 1994) . Dust in a cluster will obscure and redden a background population, and will therefore reduce the density of background objects down to a given magnitude limit. The detection of dust in rich clusters is of great interest in itself, since it can provide clues to the source of the observed intracluster X-ray emitting gas (e.g. Dwek, Rephaeli & Mather 1990) .
Over the past years there have been various reports of overdensities of quasars behind foregound clusters of galaxies (Bartelmann, Schneider, & Hasinger 1994; Bartelmann & Schneider 1993a; Wu & Han 1995; Seitz & Schneider 1995; Williams & Hawkins 1995) . Quasar-galaxy associations have also been reported (e.g. Fugmann 1988 Fugmann , 1990 Bartelmann & Schneider 1993b) and, when occuring on large angular scales, are probably evidence for the same phenomenon (i.e. the eect of the clusters in which the galaxies reside). The magnitude of the eect is still controversial. Some workers nd an enhancement that is too large to be consistent with the magnication eect of gravitational lensing, given our current assumptions about the quasar population and the masses of clusters (e.g. Williams & Hawkins 1995) .
On the other hand, several studies have reported large decits of distant quasars or clusters of galaxies behind nearby clusters of galaxies, and have proposed extinction by i n tracluster dust as the cause. Zwicky (1957) rst pointed out a decit of distant clusters behind rich ones. Karachentsev & Lipovetskii (1969) used the same method to derive a mean cluster extinction of A V 0:2 mag. Similarly, Bogart & Wagoner (1973) found that distant Abell clusters are anticorrelated on the sky with nearby ones. To account for this eect, they argued for an extinction corresponding to A V 0:4 mag and extending to 2:5 times the optical radii of the nearby clusters. Szalay, Holloshi & Toth (1989) , conrmed the eect but ascribed it to the diculty of identifying background clusters, rather than to dust. Boyle, Fong, & Shanks (1988) identied quasars and clusters of galaxies on automatically-scanned plates. They found a 30% decit of quasars within 4 0 of the clusters, attributable to an extinction of A V = 0 : 15 mag. Romani & Maoz (1992, hereafter RM92) found that optically-discovered quasars from the V eron-Cetty & V eron (1989) catalog avoid rich foreground Abell clusters of galaxies, with a decit of 60% within 20 0 40 0 of the cluster, and 25% out to a radius of 1 . Radio-selected quasars are free from this eect. RM92 postulated that there is an average extinction of A V = 0 : 4 within a 1 radius of the cluster, but that it is probably patchy, with many of the lines of sight undergoing as much as 1 mag of extinction. Williams and Hawkins (1995) recently searched for a reddening and obscuration eect in variability-selected quasars behind galaxy clusters identied automatically on UK-Schmidt plates. They nd an overdensity of quasars behind the clusters, which they attribute to gravitational lensing, and no evidence for reddening, based on the comparison of the U B color distributions of the quasars that are behind clusters and those in the eld.
The various results on extinction in clusters quoted above are not necessarily in conict, because the experiments are not exactly the same. For example, the galaxy clusters dened by B o yle et al. (1988) consist of tens of galaxies, as opposed to the Abell clusters treated by Bogart & Wagoner (1973) and RM92, which are formed of hundreds of galaxies each. As pointed out by RM92, selection eects in the various identication methods of quasars may h a v e also aected some or all of the above results. Several other workers have searched for evidence of dust in clusters through reddening of elliptical galaxies (Ferguson 1993) , IR emission (Annis & Jewitt 1993) , and emission-line ratios of cooling ows (Hu 1992) , but have come up only with upper limits of E(B V ) < 0:1 0:2 mag. An intercomparison of various results on dust in clusters is given by Williams (1995) .
In this paper, I search for a signature of dust in rich clusters and attempt to disentangle it from selection eects by testing the following prediction of RM92. If intracluster dust is responsible for the avoidance of rich Abell clusters by optically-selected background quasars, radio-selected background quasars projected within 1 of Abell clusters will be redder than those that are not.
The V I color of quasars is a particularly accessible probe of foreground reddening. The relatively small scatter in the power-law slope of quasars, 0 : 5 0 : 4 (e.g. Richstone & Schmidt 1980) , translates into a narrow V I distribution, with V I = 0 : 65 0:25. The Ly forest, with its eect on the spectral slope of quasars, enters the V band only beyond redshift z 3, and hence does not aect the V I color of most known radio quasars. Because of the large wavelength interval between the V and I bands, V I is a sensitive reddening indicator. Foreground reddening will shift the mean of the V I distribution of quasars, relative to an unreddened quasar sample. The accuracy to which the mean is measured is limited only by the number of quasars observed.
2 Sample Selection, Observations, and Analysis
To test for the presence of reddening in clusters I dened two samples of quasars. Quasars in one sample (hereafter \the obscured sample") are projected on the sky within 1 of at least one rich and distant ( R 1 ; D5 ) Abell cluster of galaxies.
(See Abell 1958, for denition of richness and distance classes, R, and D.) These criteria correspond to the population and the angle of the avoidance eect found by RM92. The second sample (hereafter \the unobscured sample") consists of quasars that are at least 3 from any such cluster. Great care was exercised in choosing the quasar samples and observing them, in order to avoid articially introducing color dierences between the samples through selection eects or systematic errors, but also to minimize any noise that may dilute an existing signal.
From V eron-Cetty & V eron (1993) I selected all quasars from the PKS, B2, 3C, and 4C radio surveys with redshift z > 0 : 3, positive declination, Galactic latitude jb II j>40 for longitude 60 < l II <300 and jb II j>50 otherwise, and apparent magnitude V 18:9. From among these quasars, I then selected all that were either within 1 of at least one D 5, R 1 cluster of galaxies listed by Abell (1958) , or more than 3 from any such Abell cluster. The motivation for choosing radio-selected quasars was that such quasars were
shown by RM92 to not avoid clusters, and should therefore be unbiased probes of the reddening induced by the clusters. (For example, if dust extinction causes the avoidance of clusters by optically-selected quasars, then optically-selected quasars near clusters would preferably be those that had escaped extinction, and hence would be relatively unreddened.) Only quasars from the four radio surveys above w ere chosen, in order to make the sample as homogeneous as possible while not making it too small. The redshift limit on the quasars ensured that they are behind the clusters; Struble & Rood (1991) have shown that the redshifts of the D 5 clusters are 0:1 < z < 0:3.
Positive declinations were chosen to allow measurements at low airmass, where the error in color determination is smallest. The limits on Galactic coordinates avoided regions of the sky where the Abell catalog is substantially incomplete due to Galactic extinction. This is important especially in choosing the \unobscured" sample, since quasars behind uncatalogued clusters would be mixed into this sample, and hence potentially dilute a dierence between the obscured and unobscured samples. The high Galactic latitude of all the quasars also guarantees that the additional scatter induced by Galactic reddening is at most 0:02 mag (Burstein & Heiles 1978 ). The apparent-magnitude limit was chosen to allow accurate measurement of a large sample in a short time. The 1 limit corresponds to the radius of the eect found by RM92. The 3 radius is the largest that still produces a quasar sample large enough to statistically detect a small ( > 0:1 mag) shift in the color distribution.
Application of the above criteria produced a list of 41 quasars in the obscured sample and 46 quasars in the unobscured sample. Tables 1 and 2 list the names and parameters of the selected quasars. Figure 1 shows the distribution in Galactic coordinates of the quasars and the Abell clusters. Note that the two quasar samples are well mixed on the sky. They are also similar in their redshift and magnitude distributions.
The quasars were imaged with the Wise Observatory 1m telescope on 1995 May 3-4, May 8-9, and July 28-29 UT using a Tektronix 10241024-pixel back-illuminated CCD at the Cassegrain focus. Standard Johnson-Cousins V and I lters were used.
Photometric standards from Landolt (1992) were observed throughout each night. Exposure times were 300 s in each lter for quasars with estimated catalog magnitudes fainter than 17.9 mag, and 150 s in each lter for the brighter ones. To a v oid systematic eects, the observations of the obscured and unobscured samples were intermingled as much as possible on each night and between nights.
Standard CCD data reduction was carried out with the IRAF package. The instrumental V and I magnitudes of each quasar were measured with the DAOPHOT (Stetson 1987) task within IRAF, relative to bright stars in the same image that served to model the point-spread function (PSF). Typical uncertainties in the PSF tting were 0.01 mag for the brighter quasars to 0.04 mag for the fainter ones. Aperture photometry of the standard stars was used to calculate a photometric solution and its errors, which w as applied to the quasar measurements to bring them to the Landolt (1992) system. Color-correction terms were small ( 0:01 mag). The scatter of the standard-star measurements about the photometric solution was 0.02{0.04 mag. This error was combined in quadrature with the DAOPHOT error and with the photometric error as determined from the covariance matrix of the photometric solution, to form the total error on the V and I magnitude. The V and I measurements, the V I color, and their errors appear in Tables 1 and 2 . Typical errors in V I are 0.07 mag. Due to observing contraints (weather, moonlight, time), 31
quasars from the obscured sample and 40 quasars from the unobscured sample were successfully observed. To reduce scatter, ve quasars from the obscured sample and ve quasars from the unobscured sample with V I errors exceeding 0.1 mag will be excluded from the subsequent analysis. To test for systematic eects in the calibration, the V I distributions of various nights were compared. There are no signicant dierences based on a KS test or a Student's t-test.
Discussion and Conclusions
For Galactic dust, E(V I) = 1 : 60E(B V ) = 0 : 52A V (Rieke & Lebofski 1985) .
Assuming such properties for intracluster dust (see Dwek et al. 1990 , for a discussion of the suitability of such an assumption), the upper limit on the reddening found above, E(V I) < 0:084 mag, translates to E(B V ) < 0:053 mag or A V < 0:162 mag at the 90% condence level. RM92 found suggestions in the limited color data for the quasars in the V eron catalog that, if dust is responsible for the avoidance of clusters by quasars, the obscuration is patchy, with about half of the lines of sight suering a reddening of E(B V ) 0:3 mag, or E(V I) 0:5. Such an eect would have been readily apparent in the data presented here, and is strongly ruled out. Similarly, the average A B 0:5 mag (i.e. A V 0:4mag) predicted by RM92 is ruled out. Since most of the quasars measured here are > 30 0 from the cluster centers, a centrally-peaked dust distribution, with high central reddening and A V 0:11 mag out to 1 , cannot be ruled out. Dwek et al. (1992) have, however, argued that dust can only survive i n the outer parts of the cluster, if at all. Note also that the seven quasars that are < 30 0 from the clusters do not have u n usual color. There is no trend of quasar color with angular separation from the clusters or with angular separation normalized by the Leir & van den Bergh (1977) angular radius of each cluster.
I conclude that, as alternatively proposed by RM92, the avoidance of foreground clusters by optically-discovered quasars is probably a selection eect due to the diculty of identifying quasars (whether using objective-prism or color excess techniques) in crowded elds. A similar, selection-induced avoidance of Galactic stars by quasars found in objective-prism surveys has been demonstrated by Gould, Bahcall, & Maoz (1993) .
Dust in rich clusters might still be accomodated with the present results if both the comoving density and the dust content of the clusters do not evolve b e t w een z = 0 and the mean redshift of the quasars, z = 1 : 22. Under this assumption, the line of sight to the average quasar in either sample passes through the postulated 6-Mpc dust halo of 2 3 distant clusters, and both samples would be equally reddened. If this were the case, however, one would expect to see at 0:3 < z < 1 : 2 a correlation of quasar V I color with redshift. I nd no such trend in the data, but the number of objects is small.
The results presented here also argue against the extinctions of A V 0:2 mag found by Karachentsev & Lipovetskii (1969) and in any case, that eect was reported for a dierent ( m uch poorer) population of clusters. That result, however, is challenged by the null detection of reddening for a similar population of clusters by Williams & Hawkins (1995) . They propose that Boyle et al.'s (1988) reported underdensity of quasars behind clusters is the result of gravitational lensing by the cluster potential. Such an eect can arise as a result of a faint quasar-detection ux limit combined with a shallow-sloped quasar number-brightness relation.
To summarize, I have shown that radio-selected quasars behind Abell clusters are not redder than quasars that do not have a cluster in the foreground. The 95% upper limit on the reddening exerted by the intracluster medium is E(V I) < 0:108 mag.
This result suggests that the avoidance of foreground Abell clusters by opticallyselected quasars is, at least in large part, a selection eect rather than a signature of dust extinction. The limit on reddening presented here improves upon previous limits based on null detections of reddening eects, and constrains the mean column density of dust in a rich cluster to < 6:5 10 6 g c m 2 , and the total dust mass within a 1 radius to < 1:5 10 12 M . Smaller amounts of reddening in clusters, as suggested by some studies, are still allowed. The bounds on dust in clusters can be improved by measuring the color distributions of larger samples of quasars. 
